is rationalized in terms of electronic and geometric effects and a good linear correlation is found between the hole trapping capacity and the accompanying structural deformation in CH3NH3PbX3 (X= Cl, Br and I). It is demonstrated that good CH3NH3PbX3 materials for the hole diffusion should have small structural deformation energy and weak hole trapping capacity, which may facilitate the rational screening of superior photovoltaic perovskites.
KEYWORDS: lead-based organohalide perovskite, photogenerated hole, I dimer, photovoltaic Organic-inorganic halide based perovskite materials such as CH3NH3PbI3, emerging as intriguing light harvesters in hybrid solid-state solar cells, have attracted considerable attention due to the tremendous power conversion efficiency (PCE) of over 20 %. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The high efficiency of perovskite can be attributed to the integrated merits of organic and inorganic semiconductors, including small and tunable band gap, low charge recombination rates, large optical absorption and high charge carrier mobility. 6, 7, [13] [14] [15] [16] [17] [18] [19] [20] [21] In particular, the superior mobility and long diffusion lengths of charge carriers were reported to largely promise the high PCE. 7, 22, 23 With none hole transport layer, Etgar et al. reported a PCE of 5.5 % in the meoscocopic CH3NH3PbI3/TiO2 heterojuntion solar cells, indicating the excellent hole transporting property of the CH3NH3PbI3 nanocrystals. 5 By fitting the decay dynamics from the transient absorption (TA) spectroscopy, Xing and coworker found the hole diffusion length to be 110 nm in solution-processed CH3NH3PbI3. 7 Recently, the diffusion lengths for holes were even reported exceeding 175 µm under 1 sun (100 mW cm -2 ) in solution-grown CH3NH3PbI3 single crystals. 23 These studies demonstrated the excellent hole transporting feature of the CH3NH3PbI3 perovskite and further research into this area is highly desirable.
The formation of polaron quasiparticles is key to describe the trapping and migration behavior of the photogenerated electron and hole in photovoltaic materials, 24, 25 and can be used to investigate the photogenerated hole in CH3NH3PbI3. However, due to the crystal imperfection and small trapping energies of polaron, it is difficult to distinguish the trapping of a hole at defect sites and at perfect lattice sites in the CH3NH3PbI3 perovskite experimentally. 26 Theoretically, despite some enlightening preliminary understandings of the photogenerated hole reported, the intrinsic property of the hole is still unknown. [27] [28] [29] [30] [31] There are studies showing that the iodine defects in defective CH3NH3PbI3 perovskite introduce deep hole trapping level in the band gap, [32] [33] [34] and the long lifetime of hole trapping by iodine interstitial defects can reduce the overall rate of electronhole recombination, which is beneficial for solar cell performance. 32 However, the trapping character and diffusion behavior of photogenerated holes in pristine CH3NH3PbI3 are still to some extent missing and worth being identified. Recently, using the cluster models of CsPbI3 and CH3NH3PbI3, Neukirch et al. reported that the volumetric strain and CH3NH3 + reorientation promoted the accumulation of space charge. 35 Due to the nonperiodic cluster model used that may have a finite size effect on the trapping behavior of the charge carrier, it is highly desirable to further obtain relevant understanding towards the trapping and transporting character of the photogenerated hole in the periodic CH3NH3PbI3 perovskite. In particular, the following questions need to be answered: (1) What is the trapping state of the photogenerated hole in the CH3NH3PbI3 perovskite? Or more specifically, is it localized or delocalized? (2) How does a hole diffuse in the materials? (3) Why does it possess the long diffusion length?
In this work, a first-principles study was carried out to explore the character of photogenerated holes in the orthorhombic CH3NH3PbI3 (ort-CH3NH3PbI3) perovskite, which is the most stable phase in CH3NH3PbI3 perovskite. Based on the results of high-precision hybrid density functional theory (DFT) calculations, we identified a new localized configuration of the photogenerated hole with a small polaron. More interestingly, the weak trapping capacity of this localized state was found to exhibit an excellent property for hole diffusion. This may explain the outstanding diffusion length of the hole in the CH3NH3PbI3 perovskite.
All the spin-polarized DFT calculations were performed using the Vienna ab-initio simulation package (VASP), unless otherwise specified. [36] [37] [38] [39] [40] To correctly describe the electronic and geometric structure of CH3NH3PbI3, the spin-orbit coupling (SOC) together with the hybrid functional PBE0 (α=0.188) was used. [18] [19] [20] [21] 38, [41] [42] [43] The project-augmented wave method was employed to describe the ion-electron interaction. 44, 45 The valence electronic states were expanded in plane-wave basis sets with an energy cutoff of 400 eV, and the force convergence criterion in structure optimization was set to be 0.05 eV/Å. The Pb 6s, 6p and 5d orbitals, I 5s and 5p orbitals, k-point mesh. The tests with more k-points and the higher energy cutoff of 500 eV were carried out and verified the accuracy of the above settings (see Supporting Information). The transition states were located using a constrained optimization scheme. [46] [47] [48] [49] [50] [51] [52] The DFT-D3 was carried out to describe the weak interaction in the organic-inorganic system. 53, 54 Localization of the photogenerated hole. Firstly, we investigated the possibility of hole trapped in the periodic ort-CH3NH3PbI3 system. Considering that the valence band maximum (VBM) of the ort-CH3NH3PbI3 is constituted by I 5p and partly Pb 6s antibonding orbitals, 18, 38, 41, [55] [56] [57] [58] [59] the inorganic PbI3sublattice is extensively explored to identify the behavior of holes. In the presence of one photogenerated hole, the normal structural optimization gives rise to a delocalized state with spin density distributed over all I anions (see Figure 1a ). Total density of state (TDOS) calculations show that there is no polaron peak of hole in the band gap (see Figure 1e ), indicating a delocalized feature of the hole. To adequately identify the feature of the hole, we performed extensive configuration sampling using slight structural perturbation to break structural symmetry of ort-CH3NH3PbI3. Surprisingly, our calculations show that the hole can be trapped on two adjacent I anions, coupling to small lattice distortion. As illustrated in Figure 1b , the spin density accumulates evenly on the p orbitals of two adjacent I anions (noted as I 1 and I 2 ) with net spin of 0.47 μB and 0.46 μB, respectively. The Pb-I bonds, connected to these two I species, elongate from about 3.20 to 3.50 Å. From the density of state (DOS) in Figure 1f , it was found that a small sharp peak appears at the energy level of 0.75 eV above the VBM. Performing the projected DOS (PDOS) of I 1 and I 2 species, we found that this unoccupied polaron peak primarily consists of the 5p orbitals of I 1 and I 2 species (see Figure S1 ). Furthermore, our calculations exhibit considerable electron densities between the two I species of the hole-localized structure in contrast to the none electron density between them in the hole-delocalized structure (see Figure 1c and d). The I-I distance was also shortened to 3.33 Å (versus the original 4.40 Å). Those verify a weak bond between the I 1 and I 2 anions. Therefore, we can see that the photogenerated hole is trapped as an I dimer (I2 -) in the ort-CH3NH3PbI3. In addition, we investigated how the I dimer formation is affected by the SOC and found that the effect is little (see Supporting Information). To quantitatively examine the I dimer, we evaluated the stability of the hole-trapped state. In our previous work, it was verified that hole trapping capacity (EHTC) can be used as a good descriptor to assess the stability of trapping states, 60 which is defined as the energy difference between the localized and delocalized states, i.e. EHTC = Elocalized -Edelocalized. By calculating EHTC, the localized state of the hole (I dimer configuration) in the ort-CH3NH3PbI3 was found to be more stable than the delocalized state by -191 meV (see Table 1 ), clearly suggesting that the hole is energetically favorable to be trapped as an I dimer. Furthermore, the weak trapping of I dimer also agrees with the near-band-edge optical responses of free carriers found in CH3NH3PbI3 in recent experiments. 61 respectively (see Table 1 ). I dimer-2 and dimer-3 are found to be less stable than I dimer-1, which can be rationalized as follows. For dimer-2, it results from the compression of two Pb-I bonds.
This induces small local distortion of the heavy Pb and I atoms thereby reducing structural stability. Regarding dimer-3, localization of the hole breaks the electrostatic attraction between the Iapand CH3NH3 + and induces large lattice distortion around Iapand Ieqanions, resulting in the decrease of the stability of system. Besides, we can also see that dimer-1 and dimer-2 are more stable than the hole-delocalized state, indicating the favorable trapping of hole on the Ieq -. It is worth noting that the I dimer structure can also be found in the tetragonal phase of CH3NH3PbI3 perovskite at room-temperature; the molecular dynamics calculations at 300 K show that this I dimer-1 configuration is stable in this tetragonal system (see Supporting Information). In CH3NH3PbI3 perovskite, therefore, it may be a general character for the photogenerated hole localized as an I dimer configuration. 
Hole diffusion.
With this unexpected localization character of holes, we extended our investigation to the process of hole diffusion, aiming at understanding its long diffusion length. It is worth noting that there are some approaches to evaluate hole mobility such as calculating the effective mass. 25, 62 Here, considering that the hole is localized in the I2configuration which accompanies an evident structure distortion, we proposed a hole hopping mechanism via the movement of I dimer configuration and examined its feasibility. Figure 3a shows three paths for hole diffusion via I dimers in ort-CH3NH3PbI3. Path 1 is a concerted mechanism (dimer-1 → dimer-1). As indicated by the black arrow in Figure 3c which is approximately illustrated in the redder colored area (it is a rough indicator to show the good photovoltaic materials).
Uniqueness of I dimers. The representative anatase TiO2 bulk was investigated to uncover whether the dimer configuration is a general pattern in photovoltaic materials. Figure S3a illustrates the spin density distribution in the anatase TiO2 bulk with one hole involved. Figure S3b ), and no spin density was found around these two O species. Those evidently indicate that there is an actual peroxide (O-O) 2species formation in the system. In addition, we found another state that two holes are trapped on two separated lattice oxygen sites (see Figure S3c ). The EHTC is -447 meV. We can found that the O dimer is more stable than this state by 292 meV. It demonstrates the O dimer would consume more energy to activate the stable O-O bond, and this is not beneficial to the hole transport. Therefore, the excellent diffusion of hole via dimers could be unique in the CH3NH3PbI3 perovskite.
In summary, in this work we systematically disclose the fundamental character and diffusion of photogenerated holes in the ort-CH3NH3PbI3 using high level first principles calculations. An unusual trapping state of the hole is identified for the first time, in which the photogenerated hole localizes as I2with a dimer configuration. This localized state is more stable than the hole delocalized state by 191 meV. The weak trapping capacity of the I dimer state highly promotes the hole diffusion with diffusion barrier as low as 131 meV. This is well consistent with the reported high mobility and long diffusion length of holes in the CH3NH3PbI3. Furthermore, the origin of I dimer is uncovered. We find that three major factors, the composition of valence band, the valence state of iodine anion and weak bonding between Pb and I, essentially determine the formation of I dimer. We demonstrate that the small structural deformation energy of the I dimer results in its unique character for the hole trapping and diffusion and that the excellent CH3NH3PbX3 perovskites are due to having small structural deformation energy and weak hole trapping capacity.
The uniqueness analysis indicates I dimer is unique to promote the hole diffusion. It is expected that the insights obtained in this work may be crucial for understanding/improving the CH3NH3PbI3 perovskites in general.
Note added. During the revision of our paper, it has come to our attention that a paper of Kang et al x reporting an I dimer similar to I dimer-2 in our work in the tetragonal phase was accepted for publication.
